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A reduction in the post-ultraviolet (UV) DNA repair capacity is associated with aging. To clarify the mechanism of
this change, we examined the DNA repair capacity of skin ﬁbroblasts from healthy donors of different ages by the
two methods: host cell reactivation (HCR) assay and ELISA of cyclobutane pyrimidine dimers and pyrimidine–
pyrimidone (6–4) photoproducts. In HCR assay, cells from elderly donors exhibited significant declines in the
ability to restore transfected reporter DNA damaged by UV light. In contrast, the ability to remove DNA damage
declined little with age in ELISA. These results imply that the age-sensitive step took place after the damage
excision in nucleotide excision repair (NER). The mRNA expression of DNA repair synthesis-related genes (DNA
polymerase d, replication factor C, and proliferating cell nuclear antigen) were markedly decreased in the cells from
multiple elderly subjects compared with those from young subjects. Further, the protein level of DNA polymerase
d1, a catalytic subunit of the pivotal factor in repair synthesis, correlated with the mRNA level. These ﬁndings
suggest that the reduced post-UV DNA repair capacity in aging results from an impairment in the latter step of NER
by the decreased expression of factors in repair synthesis.
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Of the many exogenous and endogenous factors perturbing
DNA integrity, ultraviolet (UV) exposure elicits DNA damage
in the form of cyclobutane pyrimidine dimers (CPD) and
pyrimidine-pyrimidone (6–4) photoproducts (6–4PP) (Cadet
et al, 1992; Clingen et al, 1995). These damages interfere
with replication, disrupt transcription, and induce mutations,
thereby leading to impairments in cellular function (Suzuki
et al, 1981; Friedberg, 2001) that result in photoaging
(Hadshiew et al, 2000; Ichihashi et al, 2003) and skin car-
cinogenesis (Cleaver and Crowley, 2002). Our group and
others have tentatively linked the accumulation of UV-in-
duced DNA damage with the age-related decrease in DNA
repair capacity (Wei et al, 1993; Moriwaki et al, 1996;
Grossman, 1997; Goukassian et al, 2000). This finding is
entirely consistent with other studies demonstrating an in-
creased incidence of skin cancers in the general population
as it ages (Forbes et al, 1979; Scotto et al, 1996) and
accelerates photodamage of the skin in patients with
xeroderma pigmentosum, an inherited disease character-
ized by defects in post-UV DNA repair (Cleaver, 2000; Mori-
waki and Kraemer, 2001). In addition, a recent hypothesis
posits that aging might be driven by generalized homeo-
static failure, or more specifically, a defect in genome main-
tenance (Hasty and Vijg, 2002).
In the intricately evolved network of DNA repair systems,
a nucleotide excision repair (NER) system is responsible for
the repair of the post-UV DNA damage (Wood et al, 2001).
About 30 gene products have been found to participate in
NER (de Laat et al, 1999). The chief steps in the process are
recognition of damaged DNA, unwinding around modified
bases, incision and excision of 24–32 oligonucleotides con-
taining the damaged DNA, filling of the single-stranded gap
by repair synthesis, and lastly, ligation (de Boer and Hoe-
ijmakers, 2000). The damage recognition is initiated by
XPC/hHR23B complex. The repair complex in the unwind-
ing step consists of XPA, TFIIH (a general transcription fac-
tor consisting of ten subunits including the XPB and XPD
helicases), and replication protein A (RPA) to stabilize the
complex structure (Giglia-Mari et al, 2004). This repair com-
plex allows incisions by endonucleases XPG and ERCC1-
XPF and subsequently DNA repair synthesis by four general
replication factors, namely, proliferating cell nuclear antigen
(PCNA), replication factor C (RFC), and DNA polymerases d
and e. A recent study to directly determine CPD and 6–4PP
showed a decline in the removal rate of UV-induced DNA
damage in aging skin (Goukassian et al, 2000). The molec-
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ular mechanism underlying the age-related reduction in the
post-UV DNA repair capacity, however, remains obscure.
In this study, we examined the age-related change in the
DNA repair capacity after UV irradiation and investigated
the expressions of NER-related genes. Two established
methods were used to analyze the post-UV DNA repair ca-
pacity of cells derived from healthy donors of different ages.
The first method, host cell reactivation (HCR) assay, allowed
us to evaluate the functional restoration of DNA after UV
irradiation (Athas et al, 1991). The second, DNA damage
quantification by enzyme-linked immunosorbent assay
(ELISA), measured the rate of damaged DNA removal
(Matsunaga et al, 1990). When we compared the results
from these two methods, we were interested to find hints of
functional changes in the repair synthesis step following the
removal of the damaged DNA. In addition, an analysis of
constitutive expression levels of NER-related genes be-
tween cells from young and elderly donors suggested that
the reduced post-UV DNA repair capacity in aging skin re-
sulted from an impairment in the latter step of NER by de-
creased expressions of the factors responsible for repair
synthesis.
Results
The ability of functional restoration of damaged DNA
after UV irradiation declined with age in human skin
ﬁbroblasts We performed HCR assay to detect the func-
tional recovery of UV-induced DNA damage in skin fibro-
blasts from healthy Japanese subjects of different ages. The
peak of chloramphenicol acetyltransferase (CAT) protein
expression was seen at 48 h after transfection of plasmid-
harboring CAT gene in all of the cell strains used in this
study (data not shown). UV dose-dependent inhibition of
CAT activity was confirmed in several cell strains from
healthy young (ages 0 and 3) and elderly (ages 88 and 89)
donors (Fig 1). The CATactivity at 300 J per m2 was taken as
the DNA repair capacity for the other subjects since the UV
inactivation curves are linear at doses up to 400 J per m2.
The CAT activity of the UV-irradiated plasmid in cells from
young subjects (ages 0, 3, 5, and 7) was restored to 55% of
that of non-irradiated plasmid, whereas that in elderly sub-
jects was restored to only about 25% of the non-irradiated
level (ages 69, 79, 88, 89, and 95) (Fig 2). The difference is
statistically significant (po0.01). The individual values of
CAT activities indicated by scintillation counts—i.e., values
that reflect the CAT gene expression—varied in each cell
strain and did not correlate with the donor age (data not
shown).
These observations using cells from Japanese donors
are consistent with previous studies showing an age-related
decrease in post-UV DNA repair capacity in Caucasian (Wei
et al, 1993; Moriwaki et al, 1996; Grossman, 1997).
The ability to remove UV-induced DNA damage changed
little with age in human skin ﬁbroblasts To compare
the DNA-damage-removal capacities, we determined the
amounts of DNA damage directly by ELISA using specific
monoclonal antibodies for two major photoproducts, CPD
and 6–4PP, in the eight cell strains containing the cells from
donors aged 3, 5, 69, and 88 that used for the HCR assay.
The ability to remove damaged DNA was represented by
the rate of decrease in damaged DNA after UV irradiation. In
both young (ages 0, 3, 5, and 10) and elderly (ages 68, 69,
75 and 88) subjects, cells were able to remove 90% of the
initial 6–4PP within 3 h and 50% of the initial CPD within
24 h after irradiation with UVC at 254 nm (Fig 3). These
removal patterns were compatible with those reported in
the previous study (Mitchell, 1988). There was little differ-
ence between the rates of decrease in DNA damage in
young and elderly subjects.
In investigations of UV-induced DNA damage, the wave-
length region of UVC is used well to form lesions efficiently
Figure1
Functional restoration of damaged DNA decreased in a dose-de-
pendent manner in skin fibroblasts from healthy Japanese of dif-
ferent ages (ages 0, 3, 88, and 89). Host cell reactivation assay was
performed by measurement of the recovery of transfected chloramp-
henicol acetyltransferase (CAT) gene activity within pRSVcat irradiated
with 300, 400, or 500 J per m2 of ultraviolet C (UVC) (254 nm) before
transfection. Data are expressed as a percentage (mean with SD of
three independent experiments) of residual CAT activity after repair of
UV-irradiated DNA compared with non-irradiated DNA.
Figure2
The functional restoration of damaged DNA in human skin fibro-
blasts declined with age. Host cell reactivation assay was performed
as described in Fig 1 with pRSVcat irradiated with 300 J per m2 of
ultraviolet C (254 nm). For each subject, data are represented as means
with SD of two or three independent experiments. Square, mean with
SD of cells from four young subjects; triangle, mean with SD of cells
from five elderly subjects. po0.01 for young versus elderly subjects.
436 TAKAHASHI ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
without exacting other forms of cellular damage. We also
performed the same experiment using UVB (280–320 nm)
instead of UVC, i.e., within a wavelength region with greater
physiological effects. As in the case with UVC irradiation,
the UVB-induced DNA damages decreased at similar rates
in the fibroblasts from young and elderly subjects (Fig 4).
These observations imply that the reduced post-UV DNA
repair capacity in the cells of the elderly subjects resulted
from an impairment of repair synthesis rather than an im-
pairment in precedent steps such as damage recognition,
unwinding, and excision in NER.
The expressions of genes related to repair synthesis
were markedly decreased in ﬁbroblasts from elderly
subjects The NER process involves an elaborate series of
steps dependent on the actions of about 30 gene products.
To investigate the relevance of the expression of these
genes to the age-related reduction in the post-UV DNA re-
pair capacity, we chose 20 representative and informative
NER-related genes and used adaptor-tagged competitive
PCR (ATAC-PCR) to quantify the constitutive expressions
of these genes in skin fibroblasts from one young (age 3)
and one elderly (age 95) subject. Figure 5 shows the ratio
of mRNA expression levels between the cells from the
two subjects. These data were normalized with the levels
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene expression, which differed little between the subjects.
A similar result was obtained when b-actin was employed
as a standard. Most of the gene expressions in the cells
from the elderly subject examined were downregulated, and
the expressions of several genes related to repair synthesis
(DNA polymerase d, e, and RFC, not PCNA) were markedly
decreased. This finding was consistent with our observa-
tions on the impairment of NER function, which was clearly
observed globally in the elderly subject but could not be
resolved in any of the steps precedent to repair synthesis in
NER.
To confirm that the results obtained by ATAC-PCR were
not individual differences, we used a quantitative real-time
TaqMan PCR technique to analyze the mRNA expression of
the following representative genes required for each step in
the NER pathway in fibroblasts from young (ages 3, 4, 5,
and 10) and elderly (ages 68, 69, 75, and 88) subjects:
hHR23B and DDB for recognition; XPB, XPD, and XPG for
unwinding and excision; and DNA polymerase d1, RFC4,
and PCNA for repair synthesis. We also analyzed XPA, a
gene pivotal in the recognition and unwinding step but
not one included in our ATAC-PCR analysis. Our results
were consistent with those from the ATAC-PCR analysis:
fibroblasts from the elderly subjects exhibited significant
declines in the mRNA expressions of DNA polymerase d1,
RFC4, and PCNA, three genes essential for repair synthesis
Figure 3
Ultraviolet C (UVC)-induced DNA damage was removed at similar
rates in young and elderly subjects. Cyclobutane pyrimidine dimer
(CPD) (A) and pyrimidine pyrimidone (6–4) photoproducts (6–4PP) (B)
were detected by ELISA using monoclonal antibodies in fibroblasts
from young (ages 0, 3, 5, and 10) and elderly (ages 68, 69, 75, and 88)
subjects at different time points after irradiation with 20 J per m2 of UVC
(254 nm). Data are represented as percentages (mean with SD of cells
from four subjects) of the initial numbers of photoproducts after UV
irradiation. There is no significant difference between young and elderly
subjects. p¼0.79 for CPD; p¼ 0.56 for 6–4PP.
Figure4
Ultraviolet B (UVB)-induced DNA damage was removed at similar
rates in fibroblasts from young and elderly subjects. Cyclobutane
pyrimidine dimers (CPD) (A) and pyrimidine pyrimidone (6–4) photo-
products (6–4PP) (B) were detected as described in Fig 3, except in the
cells irradiated with UVB (500 J per m2). Data are reported as means
with SD of cells from three subjects. There is no significant difference
between young and elderly subjects. p¼ 0.80 for CPD; p¼0.68 for 6–
4PP.
Figure 5
The expressions of repair synthesis-related genes were markedly
decreased in the fibroblasts from the elderly subject. The consti-
tutive expression of 20 nucleotide excision repair genes was quantified
by adaptor-tagged competitive PCR in fibroblasts from one young (age
3) subject and one elderly (age 95) subject, as described in Materials
and Methods. Glyceraldehyde 3-phosphate dehydrogenase was em-
ployed as a standard to normalize gene expression. Values represent-
ative of three independent experiments were depicted.
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(Fig 6). The expressions of the genes required for the other
steps in the NER pathway and GAPDH, the gene used for
normalization, decreased only very slightly in the elderly
subjects (Fig 6).
The expression of DNA polymerase d1 protein was de-
creased in ﬁbroblasts from elderly subjects To deter-
mine if these reductions of mRNA expression could be
relevant to the protein expression, we performed western
blotting of DNA polymerase d1, one of the pivotal genes in
the repair synthesis step, in fibroblasts from young (ages 3,
4, 5, and 10) and elderly (ages 68, 69, 75, and 88) subjects.
The amount of DNA polymerase d1 protein was conspicu-
ously decreased in the elderly subjects (Fig 7). The expres-
sion levels of mRNA and protein were well correlated.
Discussion
In this study we investigated the molecular mechanisms
underlying the age-related reduction in post-UV DNA repair
capacity. One of the major DNA repair systems against UV-
induced DNA damage is NER, a pathway composed of four
major consecutive steps: damage recognition, unwinding
around the damaged sites, incisions of the oligonucleotides
containing photoproducts, and gap filling by DNA repair
synthesis (de Boer and Hoeijmakers, 2000). Goukassian
et al (2000) recently reported an age-related decrease in the
rate of CPD and 6–4PP removal after UV irradiation by
a solar simulator in skin fibroblasts from healthy donors.
In this study, we investigated DNA repair in cells derived
from healthy Japanese donors of different ages using two
Figure 6
The expressions of repair synthesis-related genes were markedly decreased in the fibroblasts from elderly subjects. Quantitative real-time
RT-PCR was used to confirm the expression levels of the nine selected nucleotide excision repair genes in fibroblasts from donors of different ages
(ages 3, 4, 5, 10, 68, 69, 75, and 88), as described in Materials and Methods. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed
as a standard to normalize gene expression. Data are represented as values (means with SD of quadruplicate reactions) relative to expression level
in the cells from the 3-y-old subject (expressed as 100 arbitrary units). Square, mean with SD of cells from four young subjects; triangle, mean with
SD of cells from five elderly subjects. po0.05; po0.01 for young versus elderly subjects.
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established methods, namely, HCR assay (Athas et al, 1991)
and ELISA (Matsunaga et al, 1990). The former method ac-
curately demonstrated the total ability of all four steps in the
NER damage repair system, whereas the latter demonstrat-
ed the ability of each of the three steps before gap filling. As
shown in Fig 2, the total functional recovery of UV-induced
DNA damage was remarkably reduced in the elderly sub-
jects. On the other hand, the young and elderly subjects
exhibited little difference in the ability to remove post-UV
DNA damage (Figs 3, 4). Given that the HCR assay is an
indirect method using a reporter gene, changes in the tran-
scription rates of the reporter gene may reflect the results.
Indeed, the individual values of CAT activities indicated by
scintillation counts varied in each cell strain (data not
shown). On the other hand, the mRNA expression levels of
GAPDH in each cell strain obtained from our real-time PCR
analysis were comparable and were not correlative to the
donor age (Fig 6). As such, the general transcription rates
did not differ among the cell strains used in this study. The dif-
ference in the CATactivities in each cell strain was thought to
be due to the efficiency of the plasmid transfection.
Recent studies have demonstrated the activation of DNA
repair capacity by augmenting the expression of NER genes
in cells after UV exposure (Maeda et al, 2001; Schwarz et al,
2002) or by mimicking the effect of UV exposure (Maeda
et al, 1999; Goukassian et al, 2002). As the cells themselves
were left unexposed to UV in our HCR assay, we performed
an additional experiment with direct UV irradiation of the
cells with 100 J per m2 of UVB just before transfection of
plasmid (using the same method described in Materials and
Methods, but with an additional step of UV cell irradiation)
to confirm that the DNA repair capacity recovered less in
the cells from the elderly subjects than in the cells from the
young subject after UV stimulation (data not shown).
Our comparison of the total damage-repair ability of NER
(HCR assay) with the rate of removal of UV-induced DNA
damage (ELISA) in the common cell strains from subjects of
different ages implied that the cells from the elderly subjects
had an impaired ability of repair synthesis, but sufficient
capacities in the first three steps of the NER pathway,
namely, recognition, unwinding, and excision. The present
result obtained from HCR assay accorded with that of the
previous reports (Wei et al, 1993; Moriwaki et al, 1996;
Grossman, 1997). The result by ELISA, however, did not
show a clear decrease in the rate of DNA damage removal
in elderly subjects, and this was not consistent with the
observation of the previous study (Goukassian et al, 2000).
This discrepancy might have been due to the differences in
the cell donors (Japanese vs Caucasian), the monoclonal
antibodies used for the detection of CPD and 6–4PP, and
the UV source (UV lamp vs solar simulator).
Thus, we next investigated the mechanism of age-related
change of DNA repair synthesis. As shown in Fig 5, the
decreased level of transcripts was observed throughout the
NER-related genes in the cells from the elderly subject.
Declines in the expression of several genes related to repair
synthesis were particularly evident among them. The ac-
tions of factors involved in DNA replication play a key role in
achieving DNA repair synthesis (de Laat et al, 1999). RFC
preferentially binds to the 30 termini of DNA primers and
facilitates the loading of PCNA. The complex of these pro-
teins serves as a binding platform for DNA polymerase d
and e, both of which are activated when bound together
as co-factors. An ATAC-PCR analysis in our study demon-
strated marked decreases in the expressions of DNA
polymerase d1, d2, e2, RFC1, and RFC4. These results
strongly supported the hypothesis that the reduced DNA
repair capacity in the cells of the elderly subjects resulted
from impairment of repair synthesis rather than the prece-
dent steps of damage recognition, unwinding, and excision
in the NER pathway. The expressional changes of other
genes involved in repair synthesis such as DNA polymerase
e1, RFC2, 3, and 5 might also be interesting to investigate,
but two limitations prevented us from proceeding with such
an analysis. Firstly, we lacked information on the 30-end
sequence to the poly(A) tail. Secondly, there are no available
sequences for a restriction enzyme suitable to create the
adaptor ligation site required for ATAC-PCR analysis.
Our real-time PCR analysis confirmed a tendency for re-
pair synthesis gene expression to decrease in the cells of
the elderly subjects (Fig 6). Among the nine selected NER
genes, only the three genes responsible for repair synthe-
sis—i.e., DNA polymerase d1, RFC4, and PCNA—exhibited
significant reductions of mRNA expressions in the elderly
subjects. The other six genes showed little or no change
with age. Furthermore, the correlation between mRNA and
protein expression was verified by western blotting of DNA
polymerase d1 (Fig 7).
PCNA expression was comparable between the two
subjects in our ATAC-PCR analysis, whereas it was signif-
icantly reduced in the elderly subjects in our real-time PCR
analysis. Individual differences appeared to be the source of
the discrepancy. Indeed, Goukassian et al (2000) and Ly
et al (2000) reported an age-related decrease in PCNA ex-
pression in the skin fibroblasts of multiple subjects, a finding
consistent with the age-related impairment in repair syn-
thesis that seemed to affect our subjects. Goukassian et al
(2000) also demonstrated age-related decreases in the
mRNA and/or protein levels of XPA, XPB, and RPA. The
decrease in mRNA levels of XPB and RPA genes in the cells
from the elderly subject in our ATAC-PCR analysis was
consistent with Goukassian’s results (Fig 5). Further, our re-
al-time PCR analysis confirmed reduced mRNA expression
in the XPB genes of multiple elderly subjects (Fig 6). Our
group was also unable to analyze XPA, another important
gene in unwinding and excision steps, since no Mbo I site
has yet become available for the ATAC-PCR technique. As
Figure 7
DNA polymerase d1 protein expression was decreased in the
fibroblasts from elderly subjects. Whole-cell protein extracts were
prepared from fibroblasts and analyzed for expression of the DNA po-
lymerase d1 by western blotting. Sixty micrograms of total protein were
applied per lane and equal loading/transfer was confirmed by amido-
black staining of membranes. DNA polymerase d1 has a molecular
weight of 125 kDa.
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an alternative, we analyzed the mRNA level of XPA by real-
time PCR in the cells of young and elderly subjects. In
contrast with the result from the previous report, however,
the expression did not appear to change with age (Fig 6)
(Goukassian et al, 2000).
To our knowledge, no study has been conducted to
compare the expressions of DNA polymerase d, e, and RFC
between young and elderly subjects. Murray (1981), how-
ever, reported that the DNA polymerase activity was re-
duced with in vitro aging in human fibroblasts. In this study
we used the cells at less than 13 passages, a stage at which
the cells still have similar DNA repair abilities (Moriwaki et al,
1996). Thus, in vitro aging has been ruled out as the cause
of the declined expression of these genes.
Some of the genes related to DNA repair synthesis are
also crucial factors for general DNA synthesis, a process
involved in DNA replication at the S phase in the cell cycle
(de Laat et al, 1999). As such, the markedly decreased ex-
pressions of these genes are likely to influence the ability to
replicate DNA in cells. We investigated the [3H]thymidine
uptake associated with cell proliferation, as described pre-
viously by Kikuchi et al (1995), using the same cell strains
used for the estimation of the DNA repair capacity. As it
turned out, there was little difference in the rate of DNA
synthesis between cells from the young and elderly subjects
(data not shown). Based on this finding, we formed two
hypotheses: firstly, that the decreased expression of the
genes involved in DNA synthesis influences the DNA repair
synthesis but not replication, and secondly, that DNA repair
synthesis in NER requires a larger quantity of DNA synthesis
factors than that of the DNA replication pathway. It may be
that high-dose UV exposure such as that used in the ex-
perimental system in our study leads to extensive DNA
damage. In this case, we presume that the unstable state of
single-strand DNA is prolonged after the removal of DNA
damage. If this is the case, the cells from elderly subjects
may be more susceptible to UV than the cells from the
young subjects. Thus far we have evaluated UV survival of
cells derived from donors of various ages by colony forma-
tion assay, a method often used for the diagnosis of patients
with xeroderma pigmentosum. In doing so, however, we
have not observed an increase in UV sensitivity with age
(data not shown). Actually, it is known that the extent of
restoration of CAT activity in patients with xeroderma pig-
mentosum is extremely low (only a few percent) compared
with that in healthy subjects under the similar conditions as
used in our study (Protic-Sabljic and Kraemer, 1985). On
this basis, we might presume that there is no appreciable
difference in UV sensitivity among healthy subjects. When
Liu et al (1985) exposed keratinocytes to 50 J per m2 UV,
however, the keratinocytes of elderly donors showed a
substantially reduced UV survival compared with those of
younger donors. The reason for this discrepancy between
fibroblasts and keratinocytes remains uncertain. Although
the decreased expression of the repair synthesis-related
genes may not affect UV sensitivity, it might have a long-
term effect on the accumulation of mutations, which can
result in skin carcinogenesis and photoaging, through the
prolonged existence of unstable single-strand DNA. It may
increase the probability of filling the gap by error-prone DNA
synthesizing enzymes, i.e., DNA polymerase b (Canitrot
et al, 2000). Recently, Goldsby et al (2002) found an in-
creased frequency of epithelial cancer in mice deficient in
DNA polymerase d proofreading.
In summary, we estimated the post-UV DNA repair ca-
pacity of cells derived from healthy Japanese donors of
different ages by two established methods (HCR assay and
ELISA). HCR assay showed impaired post-UV DNA repair
capacity with aging, whereas ELISA showed no difference
in the rate of removal of photoproducts in DNA between
cells from young and elderly subjects. Further, markedly
decreased expressions were observed in repair synthesis
genes in cells from our elderly subjects. These findings
strongly suggested that the age-related reduction in the
post-UV DNA repair capacity results partly from the im-
paired function of DNA repair synthesis. In our view, this
lack of repair synthesis factors goes far in explaining the
reduction of post-UV DNA repair capacity in aging. Further
work will be necessary to investigate more detailed mech-
anisms of decreased DNA repair capacity in NER with age.
Materials and Methods
Cell and media Thirteen normal human primary fibroblasts were
obtained from specimens of sun-protected skin of normal Japa-
nese donors aged 0, 3, 4, 5, 7, 10, 68, 69, 75, 79, 88, 89, and 95 y
old. DNA repair studies were performed with one cell strain pre-
viously established from the fibroblast of the 3-y-old donor (Mori-
waki et al, 1992) and 12 cells strains newly established from the
fibroblasts of the other donors with their written informed consent.
Experiments using normal human skin fibroblasts were approved
by the Institutional Review Board of the Hamamatsu University
School of Medicine and conducted according to the Declaration of
Helsinki Guidelines. The cells were maintained in Dulbecco’s mod-
ified minimum essential medium (Sigma, St Louis, Missouri) sup-
plemented with 15% fetal bovine serum (JRH Biosciences,
Lenexa, Kansas), 100 U per mL of penicillin, and 100 mg per mL
of streptomycin at 371C in a 5% CO2 atmosphere. All experiments
were performed with cells at less than 13 passages, a stage at
which these cells still demonstrate similar DNA repair abilities
(Moriwaki et al, 1996). All of the cell strains studied had a doubling
time of about 30 h.
Host cell reactivation assay The plasmid, pRSVcat harboring the
chloramphenicol acetyltransferase; CAT gene (Protic-Sabljic and
Kraemer, 1985) was diluted to 31 mg per mL with sterile water and
irradiated with UV in a plastic tissue culture dish on ice. Irradiation
was performed with germicidal lamps (GL-10, Toshiba, Tokyo, Ja-
pan; predominantly 254 nm) at a dose of up to 500 J per m2, as
measured with a UV radiometer (UVR-1, Topcon, Tokyo, Japan).
Fibroblasts were seeded on plastic six-well tissue culture plates at
1  105 cells per well. After incubation for 18 h, the cells were
transfected with UV-irradiated or non-irradiated plasmid (0.8 mg
DNA per well) by Effectene transfection reagent (Qiagen, Hilden,
Germany) for 18 h at 371C, washed with PBS, placed in fresh
media, incubated for another 30 h, collected by trypsinization, and
lysed by repeated freeze–thawing. After heating the cell extracts at
651C for 10 min, the supernatant was used for a non-chromato-
graphic assay of CAT enzyme activity (Athas et al, 1991), a tech-
nique to measure the extent of [3H]acetylchloramphenicol
formation from [3H]acetyl-CoA (Amersham, Piscataway, New Jer-
sey) and chloramphenicol (Nacalai Tesque, Kyoto, Japan) using a
scintillation counter. The DNA repair capacity was expressed as
the percentage of residual CAT activity after repair of UV-irradiated
DNA compared with non-irradiated DNA. The control CATactivities
derived from non-irradiated DNA were used as indexes of trans-
fection efficiency of each cell strain.
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Determination of DNA damage by ELISA The cells were seeded
on 60 mm tissue culture dishes at 2  106 cells and incubated for
6 h. After washing with PBS, the cells were UV-irradiated with
germicidal lamps at a dose of 20 J per m2 or UVB lamps (FS20,
Toshiba; 290–310 nm) at a dose of 500 J per m2, as measured with
a UV radiometer (UVR-1, Topcon). After irradiation, the cells were
harvested and genomic DNA was extracted using a QIAamp DNA
isolation kit (Qiagen). The DNA concentration was calculated from
the absorbance at 260 nm, and the CPD and 6–4PP in genomic
DNA were determined by ELISA with monoclonal antibodies for
these photoproducts in DNA (TDM-2 for CPD and 64M-2 for 6–
4PP, respectively), as described previously (Mori et al, 1991). Brief-
ly, 96-well polyvinylchloride flat-bottom microtiter plates (Dyna-
tech, Chantilly, Virginia) pre-coated with 1% protamine sulfate
(Wako, Osaka, Japan) were coated with sample DNA (15 ng per
well for CPD and 300 ng per well for 6–4PP). The binding of
monoclonal antibodies to photoproducts was detected in immo-
bilized DNA in wells (in quadruplicate) by biotinylated F(ab’)2 frag-
ment of goat anti-mouse immunoglobulin G (Zymed, San
Francisco, California) and streptavidin-peroxidase (Invitrogen, Car-
lsbad, California). The absorbance of colored products derived
from o-phenylene diamine (Nacalai Tesque) was measured at
492 nm by a microplate reader (Power Wave X, Bio-tek, Winooski,
Vermont). To examine the repair kinetics, the percentage of the
initial amount of DNA damage was calculated at various times after
UV irradiation using the damage induction standard curves ob-
tained from the cells irradiated at doses of 0, 5, 10, 20, and 40 J per
m2 for UVC and 0, 100, 200, 500, and 1000 J per m2 for UVB.
ATAC-PCR ATAC-PCR makes it possible to quantify the relative
amounts of many different gene transcripts at the same time (Kato,
1997). In this experiment we used the primary skin fibroblasts from
one young (age 3) and one elderly (age 95) donor. The cells were
seeded on 100 mm plastic tissue culture dishes (5.0  106 cells
per dish) and incubated until 80% confluence. Total RNA was ex-
tracted using an RNeasy RNA isolation kit (Qiagen). The RNA con-
centration was calculated from the absorbance at 260 nm. An
equal amount of each RNA was converted into double-stranded
cDNA using Superscript II and biotinylated Oligo(dT) primer (In-
vitrogen). Each cDNA sample was digested with Mbo I (Takara,
Otsu, Japan) and ligated to adaptors of different lengths with T4
DNA ligase (Promega, Madison, Wisconsin). These adaptors had a
common sequence but had different numbers of additional base
pairs contiguously with the common sequence. After purification
by binding to streptavidin-coated magnetic beads, competitive
PCR was performed using platinum Taq DNA polymerase (Invitro-
gen) and adopter-specific primer coupled with carboxyfluorescein
(FAM) and gene-specific primer. An ABI PRISM 3700 DNA analyzer
(Applied Biosystems, Foster City, California) was used for gel sep-
aration of amplified fragments. The fragment amounts were meas-
ured by GeneScan software (Applied Biosystems). Sequences of
the adaptors were as follows: MA-1, 50-GATCCGCGTTCTAACGA-
CAATATGTAC-30, 50- GTACATATTGTCGTTAGAACGCG-30; MA-4,
50-GATCGAGCACTCTTAGCGTTCTAACGACAATATGTAC-30, 50-
GTACATATTGTCGTTAGAACGCTAAGAGTG-CTC-30. The adopter-
specific primer was as follows: 50-GTACATATTGTCGTTAGAACGC-
30. Gene-specific primers were as follows: hHR23A, 50-ATGGAAA-
GATTTGGGCCACT-30; hHR23B, 50-TCAAATCATGTTAGAAGGGT-
CTCA-30; DDB1, 50-CCTCCCACCTTCTTCTTTCC-30; CSA, 50-TCT-
TAAAGGTGGAAACGAGCA-30; RPA1, 50-TTTTCCTTTGCCTACC-
GATG-30; RPA2, 50-TGCAGAGCTGGAGACAACAG-30; RPA3, 50-
CATTTACAATCGTATGAAAATCCA-30; XPG, 50-CCGTGCCACCAG-
TTAATTTT-30; ERCC1, 50-TTTGGGGTCTCAGGTTGTGT-30; XPB,
50-GGCCCCAGACATAGAACTCA-30; XPD, 50-GAGTCACCAGGA-
ACCGTTTAT-30; p52, 50-CTCAAAGTCCACTTGCGACA-30; CDK7,
50-CATTTTCAGTGCCTGTGTGG-30; Cyclin H, 50-TGACATCGCTCC
AACTTCTG-30; RFC1, 50-CCAGTTCCTTAAAGCAGGGAAT-30; RFC4,
50-TGGAGTTGATTGACGAGCTG-30; PCNA, 50-TGCATTTAGAGTCA
AGACCCTTT-30; DNA polymerase e2, 50-AGAGTTAAGCAGAAAACT
GATGAAT-30; DNA polymerase d1, 50-GGTAGTACTG-CGTGTCAAT
GG-30; DNA polymerase d2, 50-AAAGTAGACATGCG-GGCACT-30;
GAPDH, 50-TCCTTCCACGATACCAAAGTTG-30; b-actin, 50-ATAGTC
CGCCTAGAAGCATTTG-30.
Quantitative real-time RT-PCR Two-step RT-PCR was performed
on serial dilutions of an equal amount of each RNA prepared from
cells as described above. Reverse transcription was carried out
using a high-capacity cDNA Archive kit (Applied Biosystems) with
random hexamers. Real-time PCR was performed on the ABI
PRISM 7000 Sequence Detection System (Applied Biosystems)
using TaqMan Universal PCR Master Mix and TaqMan Gene Ex-
pression probes (Applied Biosystems) for genes of interest ac-
cording to the manufacturer’s instructions. The amount of mRNA
was calculated from the cycle threshold (Ct) value, that is, the
experimentally determined number of PCR cycles required to
achieve a threshold fluorescence. The levels of gene expression
were standardized with those of the GAPDH gene.
Western blotting The cells were harvested by scraping and sus-
pended in lysis buffer (50 mM Tris-HCl, pH 7.2, 250 mM NaCl,
0.1% NP-40, 2 mM EDTA, 10% glycerol). After sonication, the
supernatant was collected by centrifugation for 10 min at 41C in a
microcentrifuge and the protein concentrations were assayed us-
ing a DC Protein Assay kit (Bio-Rad Laboratories, Hercules, Cal-
ifornia). Protein (60 mg per lane) from each extract was run by
electrophoresis on an 8% sodium dodecyl sulfate-polyacrylamide
gel, transferred electrophoretically from the gel to a polyvinylidene
fluoride membrane (PolyScreen, Perkin-Elmer Life Sciences, Bos-
ton, Massachusetts), blocked with 5% skim milk in phosphate-
buffered saline containing 0.5% Tween 20 (PBST), incubated with
1:1000 diluted anti-DNA polymerase d p 125 catalytic subunit
(Clone 5G1, Medical & Biological Laboratories, Nagoya, Japan) as
a primary antibody in 5% skim milk in PBST for 2 h, washed four
times with PBST, and incubated with a 1:5000 dilution of HRP-
conjugated goat anti-mouse IgG (Hþ L) (ICN Biomedicals, Aurora,
Ohio). After four further washings with PBST, the immunoreactive
proteins were visualized using an enhanced chemiluminescence
kit (SuperSignal West Pico Chemiluminescent Substrate, Pierce,
Rockford, Illlinois).
Statistical analysis Results were expressed as means with SD.
Statistical analyses were performed using the two-tailed Student’s
t test for independent samples or ANOVA with Tukey’s test using
Statistical Analysis Software (SAS Institute, Cary, North Carolina).
Significant difference was recognized at p values of less than 0.05.
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